The detailed P-wave velocity structure of the crust in the southern Kanto-Tokai region was analyzed using the tomographic method for seismic refraction survey in this paper. A total of 332 P-wave arrival times received from 13 seismic explosion surveys were used in the analysis. The results indicate that analyses of travel-time curves are probably useful for the evaluation of inverted structures. The lateral heterogeneity of the velocity structure is obviously related to tectonics. The crust in the eastern region is thinner than that in the western region. The Conrad discontinuity obviously fluctuates.
Introduction
The southern Kanto-Tokai region is one of the most complicated structural regions in Japan. The Nankai, Suruga, and Sagami troughs in the region are regarded as the northern boundary of the Philippine Sea Plate. Major geological tectonic lines such as the Median tectonic line (MTL), the Akaishi tectonic line (ATL), the Itoigawa-Shizuoka tectonic line (ISTL), etc., pass through this region as shown in Fig. I . Moreover, the Ikami (1978) and Suzuki (1987) , respectively through analyzing the travel times from explosion seismic observations mainly using Aoki's method (Aoki, 1971 (Hirahara, 1990) . The results of seismic tomography using explosion seismic observations were also applied in a study on tectonics (Mochizuki et al., 1997) . These results have helped and improved our understanding of geophysical and geological processes in the earth. Ishida and Hasemi (1988) studied three-dimensional fine velocity structure and hypocentral distribution of earthquakes beneath the Kanto-Tokai district by tomographic inversion using the observed travel times of earthquakes. The obtained results were successfully employed in the interpretation of plate tectonics for movements of the Pacific and Philippine Sea Plates in the Kanto region. In this analysis, the tomographic method for seismic refraction survey was employed to invert the velocity structures of crust and uppermost mantle in the southern Kanto-Tokai region using the observed travel times from explosion seismic surveys. The structures will be analyzed starting from different initial models using the tomographic method. The travel-time curves were used to analyze the crustal structure. The relationship between the structure of the crust in the region and local seismicity is discussed.
Data and Method
The data of observed travel times used in the tomographic analysis were obtained from thirteen explosions. Table 1 lists the databases of the thirteen explosions. The shot numbers prefixed with the letter "S" in Table 1 means that the data are selected from the report by Suzuki (1987) and Den et al. (1985) (report 1). The prefixed letter "I" means that the data are from the report by Ikami (1978) (report 2). Locations of 13 shots and more than 100 observation stations both on land and on the sea floor are shown in Fig. 1 . Fundamental data such as the origin times and the locations of stations Table 1 . Data on explosion experiments and quarry blasts.
S-shot No., reference from Suzuki, 1987; I-shot No., reference from Ikami, 1978 . Vol. 45, No. 6, 1997 were reported in the original reports (Den et al., 1985; Suzuki, 1987; Ikami, 1978) . The 332 first arrivals of P waves are employed in the tomographic analysis. The arrival times from report 1 were generated by 6 explosion experiments and data from a total of 75 observation stations in the Neo-Izu Peninsula-off Boso profile on September 29, 1982 , December 9, 1982 , and December 9, 1983 . The station intervals are about 5 km, and the survey line is about 330 km between Neo in Gifu Prefecture (S1) and off-Boso (S3) along the east-west direction. Seismographs with natural frequencies of 2 or 3.5 Hz were used for the observations. Most of the seismograms obtained are of good quality. The observation accuracies of arrival times were within 0.1 s for both the first and later phases. A total of 177 arrivals were selected from the above reports to be used in this analysis. Table 2 lists the observation accuracies of arrival times. The number of arrivals having accuracies within 0.01, 0.05, and 0.1 s were 65, 40, and 72, respectively.
Other travel times from report 2 were observed by the sets of 7 shots as shown in Table 1 and about 50 observation stations. Some of the explosion experiments were carried out by the Geological Survey of Japan (GSJ). Seismographs having a vertical component with a natural frequency of 1 Hz were used in the explosion observations. Some data of explosion surveys from GSJ were employed to detect the secular changes of P-wave velocity in the southern Kanto district. A part of them was employed to investigate the shallow crustal structure in western Shizuoka (Ito et al., 1977) . A total of 155 arrivals selected from the latter report were also used in the analysis. The sampling rate is 0.01 s. The observation accuracies of the arrivals are shown in Table 2 . The number of events having accuracy within 0.05, 0.1, and 0.2 s were 82, 44, and 29, respectively.
In this analysis, the pseudo-bending method, a fast algorithm for two-point ray tracing (Urn and Thurber, 1987) was used in determining the ray path and calculating travel times. The method can find an accurate ray path in a full three-dimensional velocity structure even where lateral variations in velocity are severe. In addition, the method provides some computational advantage because the direct minimization of travel time replaces solving the ray equation. The conjugate gradient (CG) algorithm (Hestenes and Stiefel, 1952) was employed to solve the discrete linearized equation for the travel-time differences between the computed and observed information in the inversion because of its fast and accurate advantages of calculation. A full-index scheme (Scales, 1987) was also used in the calculation of sparse matrices because the coefficient matrix of the linearized equation for differences in travel times is sparse.
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Analysis and Results
The observation stations and shots with different elevations set on the ground surface and on the sea floor do not exactly align along the profile between Si and S3 as shown in Fig. 1 . They extend for about 50 km in width in the direction perpendicular to the profile line. Therefore, ray-tracing by the pseudo-bending algorithm is necessary in the three-dimensional (3D) medium to obtain an accurate theoretical travel time. The velocity, however, is assumed to be unvarying along the direction perpendicular to the profile line in the analysis. Figure 2 (a) illustrates 3D ray-tracing from the pseudo-bending method. The two thin lines from shot S to stations O1 and O2 represent the raypaths in 3D medium. The two thick lines on the upper horizontal plane are the projections of the corresponding thin raypaths in 3D cubic medium. These thick lines (projections of raypaths) mean the fraction from mesh to mesh because of the different Fig. 1 for the divided cells of medium in (a). The 2D raypaths from S to O1 and 02 are the projections on the profile for 3D raypaths formed by the straight-line segments between the two points that the corresponding raypaths in (a) intersect in the boundary planes of cells. velocities in the flat meshes along the S1-S3 direction.
The velocity structure in the profile between S1 and S3 was analyzed as a twodimensional (2D) problem. Figure 2 (b) shows the scheme of mesh division for the profile between Si and S3 in Fig. 1 . The 240 velocity cells cover the whole profile in the analysis. The different vertical sizes of cells were defined on the basis of the velocity structure to reduce the number of cells in the computation. The thickness of the uppermost layer is 4 km including a 1.5 km elevation to suit the observation stations and/or shots set in the mountains. The thickness of each layer is 2.5 km from the depth of 2.5 to 20 km and 5 km from the depth of 20 to 35 km. The horizontal length of a cell is selected as 16.5 km. A unique value of velocity was adopted in the cell. The velocity at any point in the cell can be interpolated to suit ray-tracing by the pseudo-bending algorithm. The 2D raypaths from S to O1 and O2 in Fig. 2(b) are projections on the profile for the 3D raypaths formed by the straight-line segments between the two points which the corresponding arc raypath (in Fig. 2(a) ) intersects the boundary planes of the cubic cell. Travel times for both the line segment raypath and arc raypath directly obtained from the bending method ( Fig. 2(a) ) were calculated in the analysis. The former better approximates the observed travel time generally. We prefer the travel time of the 3D straight-line segment ray rather than that of the arc ray in the inversion. Some cells with no illumination (or terminal small illumination) might appear because the ray did not pass through (or grazed) the cells in the ray tracing process ('unknown' portion in Figs. 4, 5, and 10) . So the column elimination technique was applied in the inversion of perturbation vector slowness.
The inversion was progressively implemented by iteration. The perturbations of slowness obtained from the discrete linearized equation were used to modify the last model of velocity, then ray-tracing was carried out again in the new structure of velocity, and so on. 
Results of analysis
The various initial models, as shown in Fig. 3 , were employed to obtain the velocity structure of the profile between S1 and S3. Some differences related to the initial model appear in the results as shown below, although the patterns of structure are similar to each other. The inversion result with the smallest standard deviation of travel-time residuals between the observed and calculated one for the horizontally layered initial model (in Fig. 3(a) ), 0.231 s, was obtained at the tenth iteration. Figure 4(a) shows the inverted structure by using contours with a velocity interval of 0.5 km/s. The lines of 5.5, 6.5, and 7.5 km/s are drawn as thick lines. The east area near shot S3 is the ocean region in Fig. 1 . In Fig. 3(b) , we change velocities in the three cells from the east oceanic end in the first layer (east to the arrow mark in Fig. 2(b) , Fig. 3(b) and (c)) to 2.5 km/s. The velocity 5.5 km/s in Fig. 3(a) was also changed by 5.9 km/s for the second layer of the model in Fig. 3(b) . The velocities in other layers are the same for both Fig. 3(a) and (b). Figure 4 (b) shows the inverted structure with the smallest standard deviation of travel-time residuals for the initial model in Fig. 3(b) , 0.231 s, using the same manner as that for Fig. 4(a) . The inverted structures in Fig. 4 (a) and (b) have similar characteristics. Figure 5 shows the velocity structure obtained from the 2D digital initial model referring to the result by Suzuki (1987) in Fig. 3 (c) using the same technique as for Fig, 4 . The inverted result with the smallest standard deviation of travel-time residuals for the initial model in Fig. 3(c) , 0.230 s, was obtained at the ninth iteration. Figure 6 shows the 3D ray-tracing result for 332 seismic rays obtained from the pseudo-bending algorithm under the structure in Fig. 5 and the locations of shots in the southern Kanto-Tokai region. In the calculations for the three initial models above, both travel times for the arc raypaths, like those shown in Fig. 6 , and the 3D seismic raypaths formed by the straight-line segments between the two points, which the corresponding arc raypaths (in Fig. 6 ) intersect the boundary planes of cubic cells, were calculated. Figure 7 shows the projections on the profile between S1 and S3 for the 3D seismic raypaths formed by the segments. The average standard deviations of travel-time residuals in the case of the arc raypath (in Fig. 6 ) were larger than those in the case of segment raypath usually. The theoretical travel times with high accuracy for the 3D seismic raypaths formed by the straight-line segments were employed into the inversions of the three models. In order to evaluate the structures as shown in Fig. 4(a) (obtained from initial model of Fig. 3(a) ), 4(b) (obtained from initial model of Fig. 3(b) ) and Fig. 5 (obtained from the 2D digital initial model in Fig. 3(c) ), both observed and calculated arrival times under the three models were analyzed further. The results for the explosion experiment in Neo (shot S1 in Table 1 ), Nekko (S2 in Table 1 ) and Off-Boso (S3 in Table 1 ) are expounded in detail because the explosions have a long survey distance and many observation stations. The standard deviations of the difference between the observed and calculated arrivals under the structure result in Fig. 4(b) are 0.149, 0.208, Vol. 45, No. 6, 1997 Fig. 5. The contour map of velocity structure of the profile between S1 and S3 derived from a 2D digital initial model referring to the result in Fig. 3(c) . All marks have the same meanings as those in Fig. 4 (a).
and 0.278 for S1, S2, and S3 cases, respectively. The corresponding parameters under the structure model in Fig. 4(a) are 0.167, 0.232, and 0.302, respectively. It can be seen that the standard deviation of differences between observed travel times and calculated travel times are smaller in the case for the initial model in Fig. 3(b) than those for the initial model shown in Fig. 3(a) . As an example, Fig. 8 gives the observed and calculated travel-time curves from the structure in Fig. 4(b) for S1, S2, and S3. Similarly, Fig. 9 shows the observed and theoretical travel-time curves for S1, S2, and S3 shots, calculated under the structure in Fig. 5 . The standard deviations of the differences between the observed and calculated travel times are 0.169, 0.254, and 0.270 for S1, S2, and S3 cases, respectively. A discontinuity of velocity appears at the epicentral distance of about 135 km for the S3 case in Figs. 8 and 9 . The velocity calculated from the arrivals with a distance greater than 135 km approximates 7.5 km/s, which is equivalent to that of head wave Pn refracted from the Moho discontinuity. The velocity from the travel times less than 135 km approximates 6.2 km/s, which is equivalent to the velocity of P wave from the granitic layer.
3.2 Characteristics of the velocity structure The obtained characteristics of velocity structure starting from the initial layered model in Fig. 3(a) and model in Fig. 3(b) , as mentioned above, are very similar mutually as shown in Fig. 4(a) and (b) . The velocity structure characterizes the lateral heterogeneity. The surface layer of crust with a velocity of less than 5.5 km/s appears mainly in the region to the east of the MTL, most of which are sea regions, and this layer is very thin. The layer between the contours of 5.5 and 6.5 km/s can be regarded as the Table 1 (reciprocal triangles between S1 and S3 in Fig. 1 ) in the study region, and the lower figure shows a 3D ray-tracing obtained from the pseudo-bending algorithm under the structure in Fig. 5 .
granitic layer. The boundaries of the layer fluctuate, especially that of 6.5 km/s, called Conrad discontinuity, changes. The granitic layer beneath the ocean region to the east of Oshima is about 7 km. The Conrad discontinuity (contour of 6.5 km/s) deepens to near 19 km beneath Suruga Bay. The granitic layer thickens to greater than 15 km beneath Suruga Bay. The layer thins to about 10 km beneath ATL and MTL and its eastern vicinity because the Conrad discontinuity rises by about 5 km beneath the region between ISTL and MTL. The layer becomes thicker and is about 13 km in the western region to MTL. The lower layer between the isopleth of 6.5 km/s and that of 7.5 km/s can be taken as the basaltic layer in the crust in Fig. 4(a) and (b) . The lower interface of the basaltic layer (i.e., the Moho discontinuity) is located at a depth of about 34 km beneath the western region to ISTL. The thickest portion of the basaltic layer is about 22 km beneath the MTL because the Conrad discontinuity rises as mentioned previously. Then, the Moho discontinuity rises from the region beneath Suruga Bay to the east, and becomes about 27 km deep beneath Oshima Island and its eastern vicinity. The velocity structure in Fig. 5 , from the 2D digital initial model, obviously characterizes the lateral heterogeneity, and some properties are similar to the results in Fig. 4 . The thin layer with velocity less than 5.5 km/s appears only in the region to the east of MTL. The layer with the velocity of 4.5 km/s appears in the oceanic region to the east of Oshima. The layer between the contour of 5.5 and 6.5 km/s, regarded as the granitic one, extends laterally over the whole region. The granitic layer beneath the ocean region to the east of Oshima is the thinnest portion in the whole layer, less than 5 km. It thickens gradually from the eastern to western regions, the lower boundary drops to a depth of about 10 km beneath the Izu Peninsula and obtains a thickness of near 15 km beneath Suruga Bay and ISTL. The layer thins suddenly to about 5 km beneath ATL, MTL and its eastern vicinity because the Conrad discontinuity sharply rises by about 9 km there. The layer becomes about 15 km thick in the western region to MTL. The Conrad discontinuity fluctuates more severely than the cases in Fig. 4(a) and (b).
The basaltic layer is thicker than the above granitic layer in Fig. 5 . The contour of 7.5 km/s for the basaltic layer, called the Moho discontinuity, is smoothly located at a depth of about 35 km beneath the western region to ISTL. The thickest portion of the basaltic layer is about 25 km beneath MTL. Then, the Moho discontinuity rises from the region beneath ISTL and Suruga Bay to the east, almost parallel with the Method for Seismic Explosion Survey 445 Fig. 8 . The travel-time curves for the explosions at Neo (S1), Nekko (S2), and off-Boso (S3, in Table 1 ). The open circles represent observed reduced travel times and crosses represent reduced travel times calculated under the structure in Fig. 4(b) . The ordinate is the reduced travel time (s), and the abscissa is the epicentral distance (km). Fig. 9 . The travel-time curves for the explosions at Neo (S1), Nekko (S2), and off-Boso (S3). The open circles represent observed reduced travel times and the crosses represent reduced travel times calculated for the structure shown in Fig. 5 . The other legend has the same meaning as that in Fig. 8 .
Method for Seismic Explosion Survey 447
Conrad discontinuity, and becomes about 22 km deep beneath Oshima Island and its eastern vicinity. The western portion of the basaltic layer is thicker than the eastern portion.
The crustal structure in the south Kanto-Tokai region was analyzed using the tomographic method for seismic refraction. Three tests conducted by changing the initial model indicate that the pattern of crustal structure in the region is stable as mentioned above. The structures in Fig. 4(a) , obtained from the layered initial model in Fig. 3(a) , and that in Fig. 4(b) , from the modified layered model in Fig. 3(b) , are similar to the result in Fig. 5 from the 2D digital initial model in Fig. 3(c) . The depths of the Moho and Conrad discontinuities in the western region in Fig. 5 approach those in Fig. 4(a) and (b) . The rise of the Conrad discontinuity beneath MTL and its eastern vicinity in Fig. 5 can also be seen in Fig. 4(a) and (b) although the rise in Fig. 5 is higher than those in Fig. 4(a) and (b). It can obviously be seen that the Conrad discontinuity beneath Suruga Bay is low in all three velocity structures shown in Figs. 4(a), (b), and 5. The thickness of the granitic and basaltic layers beneath the regions to the east of Suruga Bay (about 135 km away from shot S3) in Fig. 5 differs from those in Fig. 4 (a) and (b) somewhat. Few stations were set up in Suruga Bay and the eastern oceanic region (see Fig. 1 or 7) because of geographic limitations. Such lack of records causes the different inversion results, especially in the case of the complicated geological structure. Namely, the inverted velocity structure probably depends on the initial model in the eastern ocean region in the present case from the lack of recorded data. Perhaps the lack of records is the reason that the structures beneath the area to the east of Suruga Bay in Fig. 5 differ from those in Fig. 4(a) and (b) . The travel-time curves less than 135 km show that the fitting status between observed and calculated arrivals for S3 in Fig. 8 , differs from that in Fig. 9 , the difference for Si status between two figures, however, is not obvious. The results of this paper suggest that the analyses of travel-time curves are probably useful in the evaluation of the structures from different starting model under such circumstances.
The new structure has been synthesized by averaging the results in Figs. 4(a), (b), and 5, and is shown in Fig. 10 to understand characteristics of the velocity structure in the region. The theoretical travel times were directly calculated under the synthesized model in Fig. 10 . Figure 11 shows the observed and theoretical travel-time curves for S1, S2, and S3 shots. The standard deviations of the travel-time residuals are 0.239, 0.252, 0.344 for S1, S2, and S3 cases, respectively. It can be seen that the fitting status between the observed and three theoretical travel-time curves in Fig. 11 are well on overall.
Discussion
The south Kanto-Tokai region is one of the most tectonically and seismically active regions in the Japanese Islands. The Philippine Sea Plate subducts beneath the Eurasian Plate at the Nankai, Suruga, and Sagami troughs. The results obtained indicate that characteristics of the crustal velocity structure are probably related to the tectonics in the region. In order to investigate the relationship between tectonics and the crustal structure, we analyzed seismic activity (Ishikawa et al., 1985; Ishikawa, 1986) in the Fig. 11 . The travel-time curves for the explosions at Neo (S1), Nekko (S2), and off-Bolo (S3). The open circles represent observed reduced travel times and the crosses represent reduced travel times calculated for the structure shown in Fig. 10 . The other legend has the same meaning as that in Fig. 8 . region at 16 km in depth from the earthquake data reported by Ishida and Hasemi (1988) and Ishida (1992) . The low-velocity region is located in the upper portion of the subduction seismic zone dipping from Suruga Bay to the area beneath the region east of MTL (Fig. 12(b) ). The granitic layer is thin beneath the oceanic region to the east of Oshima in Fig. 10 . The depth of the Conrad discontinuity is around 10 km in Fig.  10 beneath that place. This is consistent with the depth obtained by Furumoto et al. (1989) . The crust thickness is approximately 28 km beneath Oshima, being slightly less than the result of 30 km by Ishida (1992) . The depths of earthquakes are almost less than that of the Moho discontinuity beneath the region to the east of Suruga Bay except the events occurring in the subduction zone of the Pacific Plate beneath the Sagami trough (S3 in Fig. 12(b) ). The Moho discontinuity is located at a depth of around 34 km beneath the region to the west of MTL in Fig. 10 . It rises to 28 km to the east of the Suruga trough. The Philippine Sea Plate subducts beneath the Eurasian Plate into the western northwesteastern southeast direction along the Suruga trough. The seismic zone dips toward the west from Suruga Bay to the area beneath the region east of MTL in Fig. 12(b) . The depth variation of the Moho discontinuity crossing over the Suruga trough may imply that the crust in the region of the Philippine Sea Plate to the east of the Suruga trough is thinner than the crust in the region of the Eurasian Plate west of the trough.
Conclusions
The crustal structure of the profile between Neo (S1) in Gifu Prefecture and the off-Boso (S3) in the southern Kanto-Tokai region was analyzed using the P-wave tomographic method for seismic refraction survey in this paper. The results suggest that the lateral heterogeneity of the velocity structure is related to the tectonics and seismic activity in the region.
1. The crust in the eastern oceanic region is thinner than that in the western region.
2. The Conrad discontinuity (or the basaltic layer) rises by about 5 km beneath the Median tectonic line (MTL) or the Akaishi tectonic line (ATL) compared with the two sides. The raised portion of the basaltic layer coincides with a seismically active zone. It implies that the tectonic movement with upward thrust component has occurred beneath MTL and/or ATL.
3. The Conrad discontinuity beneath the Suruga trough exists at the depth of about 17 km and is deeper than both sides. A low velocity region appears beneath the trough.
4. The Moho discontinuity is located at around 34 km beneath the western part and coincides with the upper boundary of the seismic zone due to the subduction of the Philippine Sea Plate under the Eurasian Plate. Discontinuity becomes shallower across the Suruga trough toward the eastern region and it is about 27 km deep beneath Oshima.
5. The analysis of travel-time curves may be useful in the evaluation of the velocity structure obtained from the tomographic method under such circumstances.
